Introduction
============

A dual-promoter integrator approach
-----------------------------------

Providing cells with autonomous, decision-making genetic systems to diagnose and intervene with their own fate would advance our ability to manipulate cell populations based on their expression patterns; this could be used for example in targeting diseased tissues, while leaving normal cells intact. Autonomous targeting of unique expression patterns from among a background of similar ones requires systems that respond to internal cellular indicators, such as promoters, with sufficient precision to uniquely discern the state of interest. Yet, decision-making based on a single element inherently suffers from noise, lack of specificity, and false-positive identification. Integrating two indicators can qualitatively improve the precision: the probability *p* of incorrectly identifying a cell state based on a single indicator is reduced to *p*^2^ when combining two independent parameters. In nature, synergy and integration of two inputs enhances the fidelity versus a single one, induces sharpness of response, and confers robustness to biochemical processes. For example, (i) genetic switches and signaling cascades are commonly triggered by protein dimers rather than monomers ([@b41]; [@b16]; [@b18]), (ii) the translation of the genetic material is iterated by proofreading steps to increase precision ([@b19]), and (iii) cell proliferation requires integration of both proliferative signals and antiapoptotic ones ([@b15]; [@b13]; [@b29]).

Expression-based targeting has been used in gene therapy of cancer. A plasmid or viral vector encoding a cytotoxic effector gene regulated by a cancer-specific promoter is delivered into the cells, ideally killing only cancer cells in which the targeted promoter is highly active ([@b9]; [@b36]; [@b11]; [@b12]). But while the targeted promoter might be abnormally active only in cancer cells of a certain tissue, it may be expressed in a normal tissue of a different origin ([@b23]; [@b17]; [@b38]; [@b40]). Therefore, the likelihood of undesired activation of the killer gene in healthy cells increases with the diversity of tissues exposed to the delivery system. A dual-promoter targeting approach has been used in oncolytic viruses by combining a cell cycle-specific promoter with a cancer-specific one ([@b43]; [@b26]), and its activity and specificity was demonstrated in a melanoma model using a modified mammalian two-hybrid system encoded on plasmids ([@b20], [@b21]). Yet, the design principles governing the responses of dual-promoter systems have so far not been experimentally characterized, precluding further progress. In this study, we used a modular dual-promoter expression integrator (DPI) and measured its input--output response function (I/O) over a wide promoter activity range and in a number of cell lines. This I/O measurement is our central methodological result, with characterization of amplification, sharpness of response, and threshold of minimal inputs for significant output.

DPI design
----------

Internal signals could be artificially combined to yield a single biological output ([@b27]), for example, as demonstrated in bacteria ([@b1]; [@b7]), yeast ([@b37]), and mammalian cells ([@b10]; [@b48]; [@b24]). We have previously designed a DPI to operate in yeast that acts autonomously as a logical AND gate on two cellular metabolic promoters, expressing a killer (or reporter) gene only when the two promoters are both active beyond a minimal threshold ([@b37]). The current DPI is based on a modification of the mammalian two-hybrid system ([@b3]), and includes three genes and their promoters, encoded on plasmids ([Box 1](#box1){ref-type="boxed-text"} and [Supplementary information](#S1){ref-type="supplementary-material"}). To control expression of the output gene, two fusion proteins are regulated by two duplicates of native promoters whose concurrent activity was chosen as a marker of a transformed phenotype. The two fusion proteins are thus expressed in proportion to the activity of the promoters chosen. The fusion proteins must bind to form a transcriptional complex to enable expression of the output gene. The design utilizes the bacterial DocS fused to the viral VP16 transcription activation domain, and the bacterial Coh2 fused to Yeast GAL4 DNA binding domain, in which DocS and Coh2 bind with very high affinity ([@b2]). Together, the fusion proteins form a transcription complex, capable of activating the expression of an output gene regulated by its own synthetic promoter (containing five GAL4 binding sites). The output is either the luciferase reporter gene for calibration of the system, or, to induce cell death, the herpes simplex virus type-1 thymidine kinase (TK1), which is cytotoxic in the presence of nucleotide analogs such as E-5-2-bromovinyl-2′-deoxyuridine (BVDU) or ganciclovir (GCV; [@b51]).

Choice of cell lines and promoters
----------------------------------

To investigate the properties of the dual versus single-promoter approach in discriminating between cells with similar expression patterns, we chose two pairs of closely related cell lines: premalignant and tumor WI38-derived lung fibroblasts, and two close derivatives of the HCT116 human colorectal tumor line. The premalignant WI38/T/NEO cells ([@b31]; [@b46]), together with the p53 knockdown WI38/T3 tumor cells overexpressing H-Ras^V12^, were previously generated as an *in vitro* model of lung cancer development ([@b30]; [@b6]). HCT116+/+ (p53 expressing) and HCT116−/− (p53 deficient) are commonly used cancer cell lines ([@b28]), which have very similar expression patterns and many overexpressed genes in common with the T3 cell line. Normal cells were not used for two reasons: (i) premalignant cells are already partially transformed and have expression patterns more similar to those of tumor cells than do normal ones, and hence their discrimination posed a greater challenge; (ii) normal cells have low transfection efficiency and are difficult to maintain in culture.

Optimally, the dual-promoter approach requires promoters that are highly active in cancer cells and whose mutual activity is improbable in normal ones. To map the I/O, we chose cancer-related promoters exhibiting a wide range of activities in the different cell lines. Three promoters were chosen as candidates to discriminate tumor cells from premalignant ones, as they are known to be highly active in HCT116 and T3 cells, but not in T/NEO: the chromatin structural protein histone-H2A1 promoter ([@b42]); the synovial sarcoma X-breakpoint protein-1 SSX1 promoter ([@b14]); and the inflammatory chemokine CXCL1 promoter ([@b50]). Finally, the CDK4/6 kinase regulator CyclinD1 promoter was used as a negative control, as it has very low activity in all four cell lines ([@b34]). These promoters were cloned as inputs for single-promoter and DPI vectors using sequences that are 600--1000 bp upstream of the ATG (including the 5′ UTR) of each native gene. These synthetic promoters are regulated by the same endogenous transcription factors associated with the native promoters. Yet, they might not include upstream regulatory elements, and therefore might exhibit somewhat different activities than native promoters. Hence, the I/O must be measured within context of the DPI.

Results and Discussion
======================

The I/O of a DPI in cancer cells
--------------------------------

To map the I/O of the DPI, we first measured its inputs using firefly luciferase, separately expressed under each promoter in all four cell lines ([Figure 1A](#f1){ref-type="fig"}, single rows). The data were normalized to the transfection efficiency, which was measured independently (see Materials and methods). In the premalignant T/NEO cells, the overall activity of all four promoters was low (10--100 counts per sec, CPS), whereas in the three cancer cells, the activity range of all promoters was high (172--1073 CPS), except for the inactive CyclinD1 used as the negative control (66--177 CPS).

We next measured the DPI luciferase expression using all 4 × 4 promoter pairs as inputs, plotting output as a function of promoter identity ([Figure 1A](#f1){ref-type="fig"}) and activity ([Figure 1B](#f1){ref-type="fig"}). In T/NEO cells, all promoter pairs gave low output (12--157 CPS), consistent with low input values. In contrast, in the three cancer lines, the DPI showed a clear hallmark of digital AND logic: (i) Threshold: the DPI output remained low (14--40 CPS) when one of the inputs was the inactive CyclinD1, irrespective of the activity level of the second input promoter. (ii) Sharpness: a 3D plot of the I/O irrespective of promoter identity reveals a significant step-like response in all cancer cell lines, but not in T/NEO ([Figure 1B](#f1){ref-type="fig"}). (iii) Amplification: in T3 cells the input values were roughly equal to the output, yet they were amplified approximately 10-fold in HCT116+/+ and HCT116−/− cells (up to 3000 CPS); the response saturated at a maximal value for SSX1--SSX1, beyond which some attenuation was observed, for example, with H2A1--H2A1. The overall enhancement of the I/O with progressive tumorigenesis from T/NEO to T3, HCT116+/+, and HCT116−/− is expected, as malignant transformation also results in enhanced protein synthesis machinery ([@b8]; [@b5]). In all cell lines the output measured in control samples, in which one of the DPI plasmids was absent, was lower than 25 CPS (results not shown). As a digital device, the DPI is protected against noise at its inputs (signal restoration), which confers robustness to its activity. The I/O provides a unique signature for each cell line, thereby forming a basis for discriminative targeting.

To learn how the I/O translates into discriminative targeting of cells, and to define optimal choices of promoters and an effector gene, we must take in account that cell fate is dependent on effector concentration and potency. For example, the cellular concentration of diphtheria-toxin α-chain required for cell death is known to be extremely low ([@b52]). In contrast, TK1 causes cell death at a higher cellular concentration ([@b39]). Hence, to explore the susceptibility of cells to targeting, we assumed that the luciferase reading is proportional to the concentration of the effector gene product, and then defined varying threshold values (in luciferase CPS) above which cell fate is presumably affected ([Figure 1C](#f1){ref-type="fig"}). The input entries were sorted by ascending order of the DPI luciferase output averaged over all cell lines, and outputs were represented in blue (up to 50 CPS), azure (50--1000 CPS), green (1000--2000 CPS), or red (above 2000 CPS). The resulting threshold pattern simulated a range of possible effector gene potencies for all cells, including both single- and dual-promoter entries, highlighting available targeting options.

The DPI output was below 50 CPS in all cell lines when one of the inputs was the negative control promoter, CyclinD1, demonstrating the lack of false-positive targeting, which for the case of killer gene activation becomes increasingly important with the numbers of cell types that must be protected. As the threshold value increases, we notice that (i) using the DPI enables greater choice of input promoters compared with a single-promoter approach, a feature which is expected to maintain discrimination under scenarios involving numerous cell types and diverse transcription patterns; (ii) at high threshold (\>1000 CPS), the single-promoter approach can hardly be used for targeting, and therefore weakly active effector genes could be used only with the dual-promoter strategy, due to the I/O amplification provided by the DPI; (iii) some targeting patterns (for example, targeting only HCT116 but not WI38 cells) are possible only with the DPI, while at low threshold, some discrimination options can be obtained only with a single promoter. Therefore, the DPI provides improved robustness, as well as more flexibility in choosing promoter inputs and an effector gene for discrimination.

Targeting cancer cells by a DPI
-------------------------------

We next replaced luciferase with the TK1 killer gene to assess cell fate determination by the DPI. The transfection efficiency was estimated in each sample separately 48 h after transfection. The cells were co-transfected with an auxiliary plasmid expressing GFP under a stable promoter (pCMV-GFP; Materials and methods), and total GFP expression per sample was measured. Only then were the substrates for TK1 (GCV or BVDU) added. To exclude the effect of transfection-related cytotoxicity from TK1-induced cell death, the cell density was normalized to that of a negative control sample, namely, cells expressing luciferase output instead of TK1 under a DPI (separately for each cell line).

TK1 viability assays in T/NEO and T3 cells using GNC as substrate showed at most 20% transfection efficiency (determined by the percent of GFP-positive cells 48 h following transfection). In T/NEO, no targeted cell death could be observed beyond considerable non-specific transfection-induced growth arrest and cytotoxicity ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}). Yet, in T3 cells, significant variations in cell density were observed, suggesting specific targeting, despite some non-specific cytotoxic death as well ([Figure 2A and B](#f2){ref-type="fig"}). Single-promoter TK1 activation with CXCL1, SSX1, and H2A1 led to nearly 100% cell death and even the inactive CyclinD1 promoter caused 80% death, suggesting a very low threshold for TK1 activation in T3. However, dual-promoter targeting exhibited up to twofold reduction of the background level of cell death with CyclinD1 as input (44--62%), and 67--88% death with two highly active input promoters (CXCL1, SSX1, and H2A1). The overall response of T3 cells to TK1 targeting retained the luciferase I/O AND-gate pattern. We note that T3 cell death was higher than expected based on the maximal observed transfection rate of 20%. This is likely due to a bystander effect of TK1 activity, which is mediated by cell--cell transfer of phosphorylated GCV via cellular gap junctions ([@b4]; [@b49]). HCT116 cells showed TK1-independent sensitivity to GNC and BVDU, and hence could not be tested for targeting by TK1 (results not shown).

To further investigate targeting by DPI, circumventing the problems of transfection efficiency and non-specific cytotoxicity, we used the malignant human embryonic kidney cell line, HEK-293T, known for high transfection efficiency and wide dynamic range of expression. In HEK-293T cells, the range of CyclinD1, CXCL1, SSX1, and H2A1 promoter activity extended from 249 to 19126 CPS, as compared with 10--1073 CPS in the other cell lines ([Figure 2C](#f2){ref-type="fig"}). As with other cells, SSX1 and H2A1 were highly active, yet both CXCL1 and CyclinD1 were inactive; we therefore used only CXCL1 as negative control. The dual-promoter I/O had the same AND-gate characteristics of sharpness of response, threshold and amplification up to ∼12-fold.

Subsequently, we subjected HEK-293T cells to DPI targeting by TK1, but used BVDU as the substrate instead of GNC due to TK1-independent cytotoxicity of the latter (data not shown). In contrast to WI38 cells, the transfection efficiency of HEK-293T was essentially 100%. For single promoter, TK1 expression cell death was 60% with CXCL1 and nearly 100% with SSX1 and H2A1 promoters ([Figure 2D and E](#f2){ref-type="fig"}). Under DPI targeting, cell death dropped to an average of 30% when one of the input promoters was inactive (CXCL1), and increased to nearly 100% when both input promoters were highly active. Luciferase outputs of 449--6143 CPS were sufficient to cause cell death of 23--42% (all samples with CXCL1 as one of the inputs). Therefore, the onset for TK1-induced cell death in HEK-293T corresponds to luciferase expression of hundreds to several thousand CPS. These results suggest that the sensitivity of HEK-293T cells to TK1 activity with BVDU is significantly lower than that of T3 cells to TK1 with GNC. Finally, the high background death (when at least one of the input promoters is inactive) in both T3 and HEK-293T suggests that reduced sensitivity may be required to improve targeting fidelity.

Tunable DPI response
--------------------

To enhance the fidelity of cell-state discrimination, the DPI response strength must be tunable. For example, a highly responsive DPI might cause detrimental false-positive targeting of normal cells, as even weak promoter activity would suffice to trigger cell death when a potent effector gene is used. Weakening the DPI response would enable the use of promoters that are somewhat active in normal cells, as long as they are extremely active in abnormal ones, thereby removing the constraint of using only promoters that are completely inactive in normal cells and highly active in cancerous ones. Conversely, strengthening the DPI response would enable using weak promoters or relatively inefficient effector genes.

To weaken the response and shift the minimal threshold of the DPI toward higher input values, we replaced the wild-type DocS with a mutant derivative, DocS15 (D7/39/50A), which has a weaker interaction with Coh2, or with an even more weakly binding mutant, DocS102 (D18/15A; [@b22]). The resulting DPI luciferase expression was demonstrated in HEK-293T cells due to their wide I/O dynamic range. As expected, the overall DPI output (measured by luciferase activity) was lower by roughly 10-fold with *DocS15*, and by 30-fold with *DocS102* relative to wild-type DocS ([Figure 3](#f3){ref-type="fig"}). The salient feature of the modified DPI is that its output is very low for promoter input pairs for which at least one is inactive, resulting in a significantly reduced false-positive identification, and presumably, less background cytotoxicity. This comes at the expense of lower output for two active promoters.

Conclusions
===========

The assumption that 'two is better than one\' was used here to provide simple design principle for expression-based targeting, with improved precision over single-promoter approaches. The I/O of the DPI ([Figure 1A and B](#f1){ref-type="fig"}) is our central result; the DPI exhibits a digital-like response, input amplification, and sharp threshold, which provide robustness and reduction of false-positive targeting of cell states, particularly important for targeting of cancer cells in cell populations with diverse promoter activities. Threshold analysis of the I/O using a reporter gene provides a basis for optimal choice of effector gene potency and promoter pairs ([Figure 1C](#f1){ref-type="fig"}). The choice of synthetic proteins forming the DPI endows flexibility. Weakly binding proteins may be chosen for: (i) input promoters that are expressed at low levels in normal cells, but are significantly more active in cancer cells; or (ii) the use of potent effector genes, while maintaining acceptable levels of false-positive discrimination of normal cells. Conversely, strongly binding proteins are suitable for less potent effector genes and for picking up weak cancer-specific promoters, thereby enhancing the efficacy of targeting.

The DPI could be adapted to capture transient dual-promoter coincidence by reducing the lifetime of the synthetic proteins comprising the AND gate, using appropriate degradation fusion tags ([@b25]). Similarly to two-hybrid systems used to unravel unknown protein--protein interactions, the DPI approach could be used, as well, to discover novel correlations between promoter pairs by screening promoter libraries. The use of *in vivo* imaging (IVIS) ([@b56]) to measure promoter activity can be extended to measure dual-promoter correlations. Finally, identification of potential optimal promoter pairs for expression-targeted therapy can be achieved by replacing the killer gene with a helper gene to screen *in vitro* for promoter pairs that confer survival to cancer cells but not to normal ones.

Finally, viral delivery may be required for *in vivo* targeting, and proper function of a DPI requires the inclusion of three independently regulated promoter-gene modules on a single virus. DNA viruses, such as adenoviruses and HSV-1, could be used to deliver roughly up to 10 kb of recombinant DNA, including the regulatory elements required for independent gene regulation. These vectors transiently infect cells and are used in expression-targeted cancer therapy ([@b26]; [@b45]; [@b12]).

Stable infection, often required for gene therapy, can be achieved with retroviral vectors such as lentiviruses. However, retroviral vectors with three independently regulated genes are not available to-date. Therefore, DPI delivery would require further optimization of the available retroviral vectors. For example, self-inactivating retroviral vectors (SIN), in which one of the LTRs is modified to inactivate its transcription initiation activity were developed to allow the expression of one independently regulated gene ([@b54]; [@b53]; [@b35]; [@b33]; [@b32]). As a further step toward retroviral delivery, lentiviral-based vectors, in which two transgenes are regulated by their own independent promoters, were already described ([@b55]; [@b44]; [@b47]), suggesting that, with further optimization, lentiviral vectors such as required for DPI delivery could be developed.

Materials and methods
=====================

Cell culture
------------

HEK-293T human kidney fibroblasts, HCT116+/+ and HCT116−/− human colorectal tumor cells, together with WI38-T/Neo and WI38-T3 human embryonic lung fibroblasts were kindly provided by Professor Varda Rotter (WIS). HEK-293T cells were grown in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal calf serum (FCS), 2 mM [L]{.smallcaps}-glutamine, and antibiotics. WI-38 cells were grown in minimal essential medium (MEM) supplemented with 10% FCS, 1 mM sodium pyruvate, 2 mM [L]{.smallcaps}-glutamine, and antibiotics. HCT116 cells were grown in McCoy\'s Medium supplemented with 10% FCS, 2 mM [L]{.smallcaps}-glutamine, and antibiotics.

Reagents
--------

BVDU (Sigma B9647) was dissolved in DDW to stocks of 1 μg/μl, and was used at a final concentration of 10 μg/ml. GCV: (Roche, purchased as the drug Cymevene) was dissolved in DDW to stocks of 50 μg/μl, and was used at a final concentration of 100 μg/ml. Crystal violet (CV) staining solution: the staining solution consisted of 1 g CV powder (Sigma C3886), 25 ml EtOH 99%, 225 ml DDW.

DNA delivery
------------

Cells were plated in six-well plates 48 h before transfection, at initial cells densities of (1) 10^4^ WI38 cells/well, (2) 2.5 × 10^5^ HCT116 cells/well, and (3) 2.5 × 10^5^ HEK-293T cells/well for luciferase assays, or (3) 10^4^ WI38 cells/well, and (4) 5 × 10^3^ 293T cells/well for viability assays. Transfections were performed with FuGENE-HD transfection reagent (Roche, 04-709-691-001) according to the manufacturer\'s protocol, with DNA/reagent ratios of 2:7 for the luciferase assay, and 1.7:6 for the cell viability assay, diluted in 100 μl reduced serum medium (Opti-MEM, GIBCO 31985-047).

Plasmids
--------

All plasmid maps are detailed in the [Supplementary information](#S1){ref-type="supplementary-material"} section.

### Plasmid pPromoter-1

The fusion protein DocS/VP16-AD is regulated by a human promoter of interest ('Promoter\'). The plasmid is comprised of three modular cassettes: (1) The promoter, which regulates the fusion protein; (2) the DocS gene; and (3) the optional PEST sequence. The optional PEST sequence is located downstream to the DocS gene. It consists of amino acids 422--461 of the mouse ornithine decarboxylase gene, which significantly reduces the lifetime of proteins fused to it ([@b13]). Translation of the PEST peptide requires cloning of the DocS/AD fusion gene in-frame to the PEST sequence. To exclude the PEST sequence from the fusion protein, the DocS sequence is cloned with a downstream STOP codon. The same plasmids, in which wild-type DocS was replaced with either *DocS15* or *DocS102*, were used for experiments with mutant DocS.

### Plasmid pPromoter-2

The fusion protein Coh2/GAL4--BD is regulated by a duplicate of a human promoter of interest ('Promoter\'). Similarly to plasmid 1, plasmid 2 also has three modular cassettes: (1) the promoter, which regulates the fusion protein; (2) the Coh2 gene; and (3) the optional PEST sequence.

### pG5-luc

Expression of firefly luciferase is regulated by the yeast GAL4 promoter. The luciferase gene is flanked by unique restriction sites, which enable a simple replacement of the gene.

### pG5-TK1

This plasmid is identical to pG5-luc, except with TK1 in place of the luciferase gene.

### Plasmid pPromoter-5

The firefly luciferase is regulated directly by a human promoter of interest ('Promoter\'), which was used to calibrate the input levels of each human promoter. The plasmid has three modular cassettes: (1) The promoter region, (2) the luciferase gene, and (3) an optional PEST sequence.

### Plasmid pPromoter-6

This plasmid, which is identical to plasmid 5, except for TK1 in place of luciferase, was used to study the effect of the killer gene TK1 on cell growth when it is regulated by a single promoter Plasmids pPromoter-1+pPromoter-2 (input plasmids) and pG5-luc (output module plasmid) comprise the DPI with luciferase output.Plasmids pPromoter-1+pPromoter-2 (input plasmids) and pG5-TK1 (output plasmid) comprise the DPI with TK1 output.

Luciferase assays
-----------------

The mixtures of plasmids, used at a total of 2 μg DNA/sample, are detailed in [Supplementary Tables S1 and S2](#S1){ref-type="supplementary-material"}. Empty circular pGEM-t-Easy plasmid (Promega A3600) was used as non-specific DNA when needed, to complete the total DNA to 2 μg DNA/sample. Cells were collected, 48 h following transfection, centrifuged, and washed with 1 ml PBS in a 1.5-ml Eppendorf tube. The washed pellet was lysed with 50 μl lysis buffer (Promega E194A), and both firefly and renilla luciferase activity levels were measured in a 50 μl aliquot with Promega Dual-Luciferase^®^ Reporter Assay kit (Promega E1980), in a Victor 1420 multi-label reader (Perkin-Elmer), according to the manufacturer\'s protocol. Transfection efficiency in each sample was estimated according to the activity levels of renilla luciferase, which was expressed from the plasmid pLXSN-Renilla, regulated by the stable viral LXSN promoter.

Cell viability assays
---------------------

Before plating, six-well plates were coated with poly-[L]{.smallcaps}-lysine-hydrobromide (Sigma P1274) to improve cell adhesion. The mixtures of plasmids, used at a total of 1.7 μg DNA/sample, are detailed in [Supplementary Tables S3 and S4](#S1){ref-type="supplementary-material"}. Empty pGEM-t-Easy plasmid (Promega A3600) was used as non-specific DNA when needed, to complete the total DNA content to 1.7 μg DNA/sample. Cells were grown 48 h following transfection in the absence of BVDU/GCV, and total GFP expression (generated by the pCMV-GFP plasmid, in which GFP expression is regulated by the potent viral CMV promoter) in each well was measured at 200 μM resolution in the Typhoon 9400 fluorescence scanner (Amersham). This initial measurement of untreated cells was used to estimate the overall transfection efficiency for each sample ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). At this point, the cells were observed under a fluorescence microscope to determine the percent of GFP-positive cells in the culture, to estimate the percent of transfected cells. Soon after the GFP measurement was performed, cells were incubated in the presence of either 10 μg/ml BVDU (for HEK-293T) or 100 μg/ml GCV (WI38-T/Neo and WI38-T3) to activate TK1 cytotoxicity. CV staining: Cells were incubated for 10 days in the presence of BVDU/GCV. Following treatment, cells were washed with 2 ml PBS, incubated for 15 min with 1 ml CV solution, and washed × 2 with 2 ml DDW. Plates were dried and scanned with a Canon 5200 image scanner for qualitative analysis of cell density. To quantify cell densities, the CV stain immobilized in each sample was dissolved in 1 ml of 10% acetic acid/well. Next, 100 μl aliquots were transferred to 96-well plates and measured at OD~590~ in the Synergy™ HT Multi-Mode Microplate Reader. Data normalization: To compare the effect of integrator expression on cell growth between the cell lines, the data had to be corrected for two important factors that affect final cell density: The cytotoxic effect of the transfection process, which varies between the cell lines and the different proliferation rates of the cell lines. Therefore, for each cell line, cell density (CV~S~) was normalized according to the final density of a negative control sample (CV~NC~), in which the output of the expression integrator was the luciferase gene instead of TK1, and which was defined as 0% cell death. Data are shown as percent cell death, which was calculated as: where CV~S~ is the OD~590~ absorbance of the dissolved CV in each sample, and CV~NC~ is the OD~590~ absorbance of the dissolved CV of the negative control sample.

Supplementary Material {#S1}
======================

###### Supplementary Information

Supplementary Information, Supplementary Tables S1--4, Supplementary Figures S1--2
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![I/O response function and threshold analysis. (**A**) 'Heat maps\' of luciferase expression levels (actual values are indicated inside each entry) using single and dual input promoters in WI38-T/NEO, WI38-T3, HCT116+/+, and HCT116−/− cells, as indicated (rows=P1, columns=P2). STDEV for all samples are \<15% of the indicated values. (**B**) The I/O relationship in terms of promoter pair activity irrespective of their identity in WI38-T/NEO, WI38-T3, HCT116+/+, and HCT116−/− cell lines. (**C**) Map of targeting options. The DPI promoter pair inputs are sorted in ascending order of luciferase output averaged over all four cell lines from left to right, and similarly for single promoters (left columns labeled in purple). The inputs and outputs were annotated according to a predetermined threshold: up to 50 CPS (blue), 50--1000 CPS (azure), 1000--2000 CPS (green), and above 2000 (red).](msb201099-f1){#f1}

![Targeting of cells by the TK1 killer gene. (**A**) Cell death in WI38-T3 cells as determined by cell density using crystal violet staining (intense staining indicates viable samples). DPI promoter entries (top 4 × 4 matrix), single promoter (middle row), and negative controls of luciferase (or TK1) expressed under a GAL4 promoter using pG5-*luc* and pG5-TK1 plasmids solely (see Materials and methods). (**B**) Corresponding 'heat maps\' of TK1-induced cell death percentage. STDEV for all samples are \<20% of the indicated values. (**C**) Heat map of DPI I/O using luciferase activity in HEK-293T cells with dual- and single-promoter entries as indicated. STDEV for all samples are \<15% of the indicated values. (**D**, **E**) Cell death and corresponding heat map under TK1 expression in HEK-293T cells, as in (A, B). STDEV for all samples are \<20% of the indicated values.](msb201099-f2){#f2}

![Tuning the response of the DPI. The DPI I/O in HEK-293T cells measured with luciferase for three synthetic protein pairs ([Box 1](#box1){ref-type="boxed-text"}): DocS-WT/Coh2 (blue) and the more weakly binding pairs *DocS15*/Coh2 (green) and *Doc102*/Coh2 (red); single (gray bars) and dual-promoter entries are indicated.](msb201099-f3){#f3}

###### DPI design

TF1 and TF2 are upstream transcription factors determining expression of two native promoters (P1 and P2, not shown). P1^\*^ and P2^\*^ are copies of P1 and P2, containing the promoter region 600--1000 bp upstream of the ATG, delivered on two plasmids. DocS-AD (denoted X-AD) and Coh2-BD (denoted Y-BD) are fusion proteins regulated by P1^\*^ and P2^\*^: DocS (denoted X) and Coh2 (denoted Y) dimerize tightly; AD=viral VP16 transcription activation domain; BD=yeast GAL4 binding domain. The transcriptional complex activates a synthetic yeast GAL4 promoter, regulating output gene expression (delivered on a third plasmid). Output=luciferase reporter or TK1 killer genes.
